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ABSTRACT 



GO 

i-G \ We have studied the long-term (~ years) temporal variability of the prototype supersoft 

Oh, X-ray source (SSS) CAL 83 in the LMC, using data from the MACHO and OGLE projects. 

q ' The CAL 83 light curve exhibits dramatic brightness changes of ~ 1 mag on timescales of 

?-h , ~ 450 days, and spends typically ~ 200 days in the optical low state. Combined with archival 

r/^ • XMM-Newton X-ray observations these represent the most extensive X-ray/optical study to 

d ' date of this system, and reveal in much greater detail that the X-ray light curve is anti- 

correlated with the optical behaviour. This is remarkably similar to the behaviour of the "tran- 
sient" SSS, RX J0513. 9-6951, where the SSS outbursts recur on a timescale of ~ 168 days, 
£>. | and also anti-correlate with the optical flux. We performed simple blackbody fits to both high 

^^ . and low state X-ray spectra, and find that the blackbody temperature and luminosity decrease 

when the optical counte rpart brightens. We interp ret these long-term variations in terms of 

the limit-cycle model of lHachisu & Katq J2003al) . which provides further support for these 

systems containing massive (~ 1.3 Mq) white dwarfs. In addition, we have refined their 

,-jI ' orbital periods in the MACHO and OGLE-III light curves to values of 1.047529(1) days and 

O ! 0.762956(5) days for CAL 83 and RX J0513.9-6951, respectively. 
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1 INTRODUCTION Hole accret ors, the combination of high luminosity and low tem- 

000 , perature led Ivan den Heuvel et al.l d 19921 hereafter vdH92) to pro- 

Luminous SSS are a class ot X-ray obiect first observed , „„„ „ , . , r . , 

pose that SSS were actually white dwarls accreting at or close to 
with the Einstein X-ray Observatory in the late 1970s ,_,.,. ..._,, . .. , ■ , • 

— „ ,„ — , ~ „ — ; — tt - ! i i ; ... „ . . , the Eddmgton Limit. Such luminosities can be sustained via con- 

tinuous nuclear burning of accreted material on the surface of the 
white dwarf. But in order to achieve this a much higher mass trans- 



JLong. Helfand. & Grabelskvl Il98ll) , of which CAL 83 and 
CAL 87 were the prototypes. Subsequently enhanced in 



number by the ROSAT soft X-ray surveys in the 1990s r ■ , , ■ , , ■ L . ■ , , 

j ^ — - 1 I n ter rate is required than is observed in most cataclysmic variables 

( Kahabka & van den Heuvel 2006, for a thorough review, „, . . , , , , ,, 

^ — l l^"^^* i i ^ I hie in mm rpninrpc rhnt rhp nrtnnr naup n mnci; rnmnanh p in ni 



" r- 1 — '|| ^i ' This in turn requires that the donor have a mass comparable to or 

most recently updated by Kato 2010), their defining characteristic ., .. .. , .. . , . . , ... , , t .. „ 

. . — r « _i „ greater than its accreting white dwarf, which will lead to thermally 

is their extreme luminosity ( up to L x ~ 10 erg s ) at very soft ... r , rr , l| lr .-7.k 

J r ° J unstable mass transfer (e.g. Paczynski 1971). 

(< 0.5 keV) X-ray energies. As such, the SSS are rendered almost 



undetectable in the Galactic Plane due to interstellar extinction. 
Consequently, the known population of SSS are predominantly in 
the Magellanic Clouds and M3l, although short SSS phases have 
been observed in a number of classical and recurrent novae in the 
Galaxy (see e.g. Bode (201 1,2012)). 

While it was initially suggested that the SSS contained Black 



With SSS phas es now exh ibited in many classical and recur- 
rent nova outbursts (IBodekOlOl) . the vdH92 accreting white dwarf 
model has become a well-established paradigm. However, confir- 
mation of the inverted mass ratio and very high mass transfer rates 
in order to explain the very highest luminosity SSS rests on two 
independent, but still circumstantial, pieces of observational evi- 
dence: 



E-mail: andry@saao.ac.za • ISouthwell et al.l i 19961) observed bipolar emission line com- 
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ponents in the transient SSS, RX J05 13.9-6951, whose velocities 
wer e comparable to th e escap e velocity of a white dwarf. 

• iMcGowan et alj J2005I) used XMM-Newton to observe 
RX J05 13.9-6951 through one of its transient SSS events. These 
revealed that, as the SSS component fades, the effective radiating 
radius increases, shifting the peak of the emission to longer wave- 
lengths and hence fad ing from view. This supported the model of 
ISouthwell et alj (]J_996) who had noted that the SSS component oc- 
curs when the optical brightness decreases, and proposed that this 
is due to a contraction in the size of the white dwarf. 



iGreiner & Di Stefand ( 120021) have discussed several mech- 
anisms, such as photospheric adjustments, cessation of nuclear 
burning, absorption of X-ray emission by material above the 
white dwarf surface, amongst others, to explain the X-ray off- 
states seen in CAL 83. They studied the early MACHO data of 
CAL 83, which suggested that there were three different optical 
states (low, intermediate, and high). Unfortunately, only t wo X-ray 
off-st ates had b een detected during that tim e, in 1996 dKahabkal 
1 19961) and 1999 l lGreiner & Di Stefanoll2002h , and the variations in 
the MACHO light curve are complex compared to the OGLE-III 
lightcurve. They concluded that the most likely explanation of the 
X -ray variations is the p hotospheric expansion/contraction model 
of lSouthwell et alj l ll996|) . 

In an alternative model, lHachisu & Katd <2003a ), have used 
the more regular, recurrent optical high and low states of 
RX J0513. 9-6951 to develop a "limit cycle" model, in which the 
SSS phase drives a powerful wind from the disc. This wind is capa- 
ble of driving material from the donor so as to switch off effectively 
the mass transfer, thereby bringing the SSS phase to an end. The 
donor then recovers, mass transfer resumes, the SSS switches on 
again, and the whole cycle continuously repeats. Further studies by 
iBurwitz et alj ( 120081) showed that the duration of the optical high 
and low states, which they called "cycle-length", varies for each 
cycle. They suggested these variations to be caused by changes in 
the mass transfer rate (by a factor of ~ 5) on timescales of years. 

Extensive X-ray observations of nearby galaxies, especially 
M31, have been made with RO SAT JKahabkd 1 19991), Chandra 
JDi Stefano & Kong|l2003l , l2004l) and XMM-Newton jPietsch et all 
|2005J), revealing a large number of extra-galactic SSS. These stud- 
ies have been combined i n a multi- wavelen gth (X-ray, UV, optical) 
census of SSS in M31 bv lOrio et al] d2010h . 

Most of SSSs discovered so far a re in distant galaxi es such 
as in M101 JPence et alj 1200 ll), M81 ISwartz et alj|2003l) , NGC 
4697 JSarazin, Irwin. & Bregmanl l200lb . Several of these SSSs 
have been found to have very high luminosities (i x ~ 10 39 — 
10 41 ergs -1 ), and it has been suggested that they may form a 
new class of SS S called "ultra-luminous supe r soft X -ray sources" 
(ULSs), see e.g. Idi Stefano, Kong, & Priminil a2010f) . Their lumi- 
nosities are extremely super-Eddington for a normal white dwarf, 
moreover these sources exhibit state changes, they have a super- 
soft blackbody spectrum during the outburst and a hard power- 
law tail in the low state (L x ~ 10 36 ergs -1 ). This make ULS 
ood candidates to be in termediate-mass black holes (IMBHs) 
Kong & Di Stefand [20051) . The prototype of this class is M101- 
ULX1, which exhibited a supersoft spectrum with blackbody tem- 
perature of 50 — 100 eV, and bolo metric luminosity of about 
10 41 erg s _1 during its 2004 outburst ( IKong, Di Stefano. & Yuad 
.20041). However, this interpretation is still highly controversial, and 
the use of real WD atmosphere models (rather than simple black- 



In this paper, in order to provide additional observational con- 
straints on the various models proposed for SSS properties, we have 
studied the long-term optical variations of the LMC SSS CAL 83 
and RX J05 13.9-6951 using their combined light curves from the 
MACHO and OGLE project databases. We compare their variabil- 
ity properties, with particular emphasis on the optical/X-ray corre- 
lated behaviour. We accomplish this by using archival X-ray data 
of CAL 83 obtained by XMM-Newton. 



2 OBSERVATIONS AND RESULTS 

2.1 MACHO and OGLE optical light curves 

CAL 83 has been monitored by the MACHO and OGLE projects 
since 1993, which now provide us with a combined light curve 
that spans 18 years. The MACHO observations were made with the 
1.27 m telescope lo cated at Mount Stromlo Observatory, Australia 
JAlcock et alj 19960 . This provides photometry in two passbands, a 
red band which we refer to as 7£-band (~ 6300-7600A, a slightly 
longer effective wavelength than Johnson R) and a blue band we 
refer to as V-band (~ 4500-6300A, slightly shorter effective wave- 
length than Johnson V). The data were taken during the interval 
1993 to 2000 and are available through the MACHO websittfl The 
data are in instrumental magnitudes. 

The OGLE project has used the 1.3 m Warsaw telescope at Las 
Campanas Observatory, Chile, with Phase III running from 2001 
until 3 May 2009. The photometric data for the OGLE projects are 
taken in the I-band. OGLE-III data for optical counterparts of X-ray 
sources located in the fields observed regularly by the OGLE-III 
survey are availabl e through the X -ray variables OGLE monitoring 
(XROM) websitfl JUdalskill2008l) . 

The OGL E-III data were calibrated using observations of 
iLandoltj 1 19921) standard st ars which overlap with the OGLE-II 
fields JUdalski et alj|2008al) . These observations were then used 
to determine the offset between the OGLE-III instrumental magni- 
tudes and the standard system, which we subsequently used to cal- 
ibrate the remaining OGLE-III fields. Unfortunately, both CAL 83 
and RX J0513.9-6951 are not covered by the OGLE-II project, 
therefore we do not have any overlap between MACHO and OGLE 
data (usually from 1997 to 2000). 

The light curves were then analysed using the Starlink PE- 
RIOEJj time-series analysis package, which is designed to search 
for periodicities in unevenly sampled data. It has a variety of tem- 
poral analysis op tions, includ i ng the Lomb- Scargle periodogram 
(LS periodogram, lLomblll976t IScargldll982h . as well as the capa- 
bility to fold any data with a given period. 



body spectra) has^ alread y redu c 
number of cases I ILi et alj2012f) . 



2.1.1 Long-term variations 

The MACHO and OGLE projects both included many regularly 
monitored fields within the Magellanic Clouds, thereby provid- 
ing systematic monitoring of a significant number of luminous X- 
ray sources. Figure [TJ shows the combined MACHO and OGLE 
light curve of CAL 83. The MACHO light curve exhibits irregu- 
lar variability, showing a long-lived intermediate state for the first 
~ 700 days, and similar duration high state towards the end of the 
observations. However, the OGLE-III light curve is rather different, 



1 wwwmacho.anu.edu.au 

2 ogle.astrouw.edu.pl/ogle3/xrom/xrom.html 

3 www. starlink.rl.ac.uk/star/docs/sun 1 67 .htx/sun 1 67.html 
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Figure 3. Lomb-Scargle periodogram of CAL 83 and its folded light curve 
(from Figure [T] on the 450 d period (top) and Lomb-scargle periodogram 
of the independent MACHO and OGLE-III as well as the combined data of 
RXJ05 13.9-6951, and the combined light curves folded on the superorbital 
period of 168 d (bottom). 



exhibiting a regular succession of optical high and low states on 
timescales of 450 days with a difference in brightness of ~ 1 mag. 
CAL 83 spends roughly the same time (~ 200 days) within each 
state, which is much longer than the duration of the transitions be- 
tween states (typically ~ 5 — 10 days). 

It is instructive to compare the properties of the LMC su- 
persoft source RX J0513.9-6951 with CAL 83. Its MACHO and 
OGLE light curves are shown in Figure |2] RX 10513.9-6951 ex- 
hibits similar behaviour to CAL 83, but with a regular dimming on 
a shorter timescale (~ 168 days), and it also spends less time in the 
optical minimum state. These timescales are nicely revealed in the 
Lomb-Scargle periodograms (Figure [3} of the combined MACHO 
and OGLE light curves, which show broad peaks at periods of P = 
450±3 days and 168±1 days for CAL 83 and RX J0513.9-6951, 
respectively. We then folded the data on these long periods, with 
the results shown in Figure [3] 

More importantly, for both systems, the regular dimming in 
the optical is associated with the turn-on of the supersoft source 
component. This will be discussed further in the later sections. 
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Figure 4. Lomb-Scargle periodogram of CAL 83 (top) showing a very sig- 
nificant peak at the presumed P or t of 1.047529 days. Bottom: Light curve 
folded on this period and fitted with a sinusoid (Blue line). 
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Figure 5. Lomb-Scargle periodogram of RX J0513. 9-6951 (top) showing 
the peak at the presumed P or t of 0.762956 days. Bottom: Light curve 
folded on this period and fitted with a sinusoid (Blue line). 



in Figure [4] (bottom). It is sinusoidal, with a semi-amplitude of 
~ 0.1 mag. 

We performed the same analysis for RX 10513.9-6951. The 
periodogram of its detrended OGLE-III light curve reveals a signif- 
icant peak at 0.762956±0.000005 days (figure[5}, again very close 
to previously determined values found in the MACHO data alone 
bv lAlcock et alj 819960 andlCowlev et alj ( 120020 . and spectroscop- 
ically by I Southwell et alj d 19960 . The light curve (folded on P or t 
= 0.762956 days) is shown in Figure \5\ and is also well fitted by a 
sinusoidal modulation of semi-amplitude ~ 0.2 mag. 



2.7.2 Orbital modulations 

We also exploit the OGLE-III data to search for short-term varia- 
tions that could be related to the orbital properties of these systems. 
The light curves were detrended by subtracting a linear fit to the 
optical low and high states. The detrended light curves were then 
analysed using PERIOD. 

The power spectrum of CAL 83 (figure |4) shows a signifi- 
cant peak at 1.047529 ± 0.000001 days, which is very close to the 
modulation reported bv lSmalel (11988b of P or b = 1.0436 days based 
on photometric and spectroscopic data. The folded light curve on 
the presumed orbital period of P or „ = 1.047529 days is shown 



2.2 X-ray observations of CAL 83 from XMM. 

CAL 83 was observed by XMM-Newton (proposal ID 050086 and 
050653) between May 2007 and May 2009. The observation logs 
of the X-ray measurements are summarised in Table [T] The ob - 
servations w ere obtained with t he EPIC-PN dStruder et alj|200ll) . 
EPIC-MOS jTurneretal]|200ll) and RGS instruments. The data 
reductions were performed using SAS version 11.0.0. There are 
another four available Chandra observations of CAL 83 taken in 
1999 and 2001, but unfortunately three of them are during the X- 
ray off state, and the X-ray on state has already been reported by 
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Figure 1. MACHO (top) and OGLE-III (bottom) light curves of CAL 83, showing a regular dimming of ~ 1 mag every 450 days, which lasts for ~ 200 days. 
The arrows and crosses are at times of X-ray observations, and indicate X-ray on- and off-states, respectively. This clearly demonstrates that the X-ray off-states 
occur only during optical high states. 
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Figure 2. MACHO (top) and OGLE-III (bottom) light curves of RX J0513. 9-6951, showing a regular dimming of ~ 1 mag every 168 days, which lasts for 
~ 30 days. 



lLanz et al J 1 120050 . They are included in Figure[T]and are consistent 
with the anti-correlation. 

2.2.1 XMM EPIC X-ray light curve 

We extracted the EPIC-PN and EPIC-MOS light curves in the en- 
ergy band 0.2-1.0 keV. The mean EPIC-PN and EPIC/MOS1- 
MOS2 count rates from each observation are plotted with the 
OGLE-III I-band light curve in figure[6] 

The X-ray mean count rates are highly variable and show two 
different X-ray states: a high state where the EPIC count rates are 
at a maximum (^ 4.5 cts s _1 for EPIC-PN, and ^ 0.55 cts s~ 



for EPIC-MOS), and a low state where the X-ray emission from the 
source is weak or completely off (and which occur during optical 
maxima). The anti-correlation between the optical and X-ray fluxes 
is clearly seen in figure [6] Unfortunately, we have only a few (4) 
optical data points between MJD 54555 — 54590 where most of 
the X-ray observations took place. This makes it impossible for us 
to distinguish whether the X-ray variations lag or lead those in the 
optical. 
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Figure 6. OGLE-III (a) and XMM-Newton/EPIC PN (b), MOS1, and MOS2 (c) light curves of CAL 83, which shows a clear anti-correlation between the 
optical and X-ray states. Times of the XMM-Newton observations are indicated by dashed vertical lines on the optical light curve. Panels (d) and (e) show the 
temperature and luminosity evolution, respectively, based on the X-ray spectral fitting (see text). 



2.2.2 Low resolution X-ray spectra 

The X-ray spectral analysis was done using the latest XSPEC ver- 
sion (v 12.7.0), and the spectra were extracted using only photons 
in the energy range 0.3 — 1.0 keV. We used a simple blackbody 
model (bbody) together with the Tubinge n-Boulder ISM absorption 
(TBabs) model, ISM abundances from Iwilms. Allen. & McCravl 
(200Q ), and the photoelectric absorptio n cross-sections from 
iBalucihska-Church & McCammonj 1 19921). The colum n density 



was fixed to the value derived by iGansicke et al.l ( 1199a) of JVh = 
6.5 x 10 20 cm~ 2 from Hubble Space Telescope UV observations 
of CAL 83. We add an additional absorption component with free 
column density and abundances set to 0.5 solar (LMC abundances) 
for elements heavier than helium. 

The results from a simple blackbody model fit (bbody) to 
the EPIC-PN spectra are summarised in table [3] The values of 
the blackbody temperature, kT, in ferred X-ray luminosity (assum- 
ing an LMC distance of 50 kpc, qFeasq 1 1 9991) ) . Lbb, and white 
dwarf radius, Rwd, vary significantly with the optical state of the 



source. The blackbody temperature has a mean value of kT ~ 
35 eV during optical low states when the X-ray flux is highest, 
and reduces to ^ 30 eV during optical high states. Figure [^(bot- 
tom) shows the evolution of kT and L^ nabs with time, where they 
are clearly anti-correlated with its optical brightness. The \ 2 con- 
tour maps of the optical low state spectra (OBSID: 0500860201) 
and four merged optical high state spectra (OBSID: 0506530901, 
0506531001, 0506531301, 0506531401) are presented in Figure|7] 
showing how the column density and the blackbody temperature 
correlate with each other. 



3 DISCUSSION 

Optical variations in CAL 83 

In supersoft sources, the accretion disc is believed to be the main 
source of optical flux. However, these optical emissions arise in the 
accretion disc as a result of reprocessed supersoft X-rays from the 
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Figure 7. Confidence contours in (./Vjj — fcT) plane for optical high (left) and optical low (right) state. The contours are plotted at 1 <r (68%), 90%, and 99.0% 
confidence levels for two parameters. 



Table 3. CAL 83 XMM-Newton Spectral Fitting Results. 
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5.88 


2.52 


4.54 


2.65 


4.69 


3.37 


3.80 


0.10 


2.33 


0.32 


3.96 


0.77 


6.54 


0.67 


16.45 


0.12 


1.60 


0.21 


15.71 


0.13 


2.27 


0.14 


3.28 


4.04 


3.98 


3.58 



0.65 


1.21 


0.46 


1.02 


0.61 


1.09 


0.45 


1.16 


0.56 


1.68 


0.05 


1.13 


0.05 


0.65 


0.17 


0.75 


0.24 


0.64 


0.30 


0.72 


0.03 


1.21 


0.36 


1.03 


0.02 


0.68 


0.45 
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Blackbody fits to the EPIC/PN spectra using a 
with abundances set to 0.5 for elements heavier 



fixed value of Nu = 6.5 X 10 20 cm 2 iGansicke et al.ll 19981) and an additional Nu 
than helium relative to the source intrinsic absorptions. 



hot white dwarf, and hence are not dire ctly produced by accretion 
processes jPopham & Di Ste fano 1996). The reprocessed luminos- 
ity greatly exceeds that of the accretion luminosity, as the energy 
released by nuclear burning is significantly greater than that due 
to accretion onto a white dwarf, i.e. the disc luminosity will be 
comparable to that seen in normal galactic cataclysmic variables, 
at l east one to two orders of magnitude below that seen here, see 
e.g. lWarnerl l ll995l) . 

The OGLE-III light curve of CAL 83 in Figure Q] shows 
a quasi-periodic variation on a timescale of ~ 450 days, with 
two well-defined optical states (low and high). The variation of 
1 mag in optical brightness must be associated with the changes 
in the amount of irradiation of the accretion disk, which is most 



likely due to a n expansion/contractio n of the white dwarf photo- 
spheric radius (ISouthwell et al.lll996|). and/or the i rradiated areas 
of the accretion disc itself JHachisu & Katdl2003al ). The mass ac- 
cretion rate required by the vdH92 model is very high, typically 
M ~ 10~ 7 Moyr -1 , and steady nuclear burning on the surface 
of the white dwarf can occur. However, when the mass accretion 
rate exceeds the steady nuclear burning rate, the white dwarf pho- 
tosphere will expand and its effective temperature will be reduced. 
The duration of the optical low (presumably, X-ray on) and 
high states in CAL 83 are ~ 200 days and ~ 250 days, respectively. 
These durations are much longer than those observed in the recur- 
rent supersoft source RXJ05 13.9-6951 (~4 daysand~ 140 days ) 
dSouthwell et"al] 1 19961 : lAlcock et al.l 1 19961 : iBurwitz et all 120081) . 
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Figure 8. EPIC/PN spectra of CAL 83 plotted with the best blackbody fits, using a fixed column density of AT H = 6.5 x 10 20 cm 2 JGansicke et alj 19981) and 
an additional absorption with free ./Vjj (and abundances set to 0.5 for elements heavier than helium) relative to the source intrinsic absorptions. 



This implies that the mass accretion rate (M accr ) and the mass 
of the white dwarf (Mwd) in CAL 83 are slightly lower than 
in RX J0513. 9-6951, as the duration of the X-ray on state is 
inversely proportion to th e mass accretion rate (IHachisu & Katd 
120031 : iBurwitz et alj|2008h . The higher mass accretion rate of RX 
J05 13.9-6951 makes its optical luminosity (I ~ 16.2) higher com- 
pared with that of CAL 83 (I ~ 16.7), given that they are at the same 
distance and both are subject to very low extinction levels. Never- 
theless, the implied masses of the white dwarfs in both systems are 
~ 1.25- 1.3 M . 

The orbital periods of 1.05 days and 0.76 days that we have 
confirmed in CAL 83 and RX J05 13. 9-6951, respectively, (on the 



basis of their stability over the last ~ 1 8 years) are much longer 
than "normal" dwarf nova systems. This also supports the vdH92 
model of an evolved and more massive donor as required in order 
for the donor to be filling its Roche lobe in such a system. 

X-ray variations and optical/X-ray correlations 

In the vdH92 model, a steady nuclear burning of hydrogen near the 
white dwarf's surface is proposed to be the main source of supersoft 
X-rays. This implies that variations in the X-ray flux may be caused 
by c hanges in burning rate, mass a ccretion rate or photospheric ra- 
dius. iGreiner & Di Stefanol 1 12003) discussed these mechanisms in 
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Table 1. XMM-Newton EPIC observations of CAL 83 between May 2007 
and May 2009. 



Observation 


EPIC 


Start Exposure X-ray 




ID Instrument 


tlme(UT) 


time(s) 


State 


0500860201 


PN 


2007-05-13 22:09:25 


11464 






M1/M2 


22:03:52 


11657 




0500860301 


PN 


2007-07-06 23:37:53 


10464 






M1/M2 


23:32:20 


10657 




0500860401 


PN 


2007-08-21 15:17:17 


7464 






M1/M2 


15:11:44 


7657 




0500860501 


PN 


2007-10-05 01:13:07 


12507 






M1/M2 


23:49:45 


14072 




0500860601 


PN 


2007-11-2421:07:07 


20031 






M1/M2 


21:01:34 


19553 




0500860701 


PN 


2008-01-16 13:30:30 


10464 


off 




M1/M2 


13:24:57 


10657 




0500860801 


PN 


2008-03-10 10:20:35 


6464 


(iff 




M1/M2 


10:15:02 


6657 




0500860901 


PN 


2008-03-20 00:39:20 


7264 






M1/M2 


00:33:47 


7457 




0506530201 


PN 


2008-04-03 18:46:54 


14464 


weak 




M1/M2 


18:41:21 


14657 




0506530301 


PN 


2008-04-1106:08:21 


5464 


off 




M1/M2 


06:02:48 


5657 




0506530401 


PN 


2008-04-16 14:15:17 


4595 


(iff 




M1/M2 


14:06:43 


4936 




0506530501 


PN 


2008-04-17 13:46:11 


10764 






M1/M2 


13:40:38 


10957 




0506530601 


PN 


2008-04-19 06:49:33 


5464 






M1/M2 


06:44:00 


5657 




0506530801 


PN 


2008-04-20 22:44:41 


11164 


weak 




M1/M2 


22:39:08 


11357 




0506530901 


PN 


2008-04-2102:16:21 


12264 






M1/M2 


02:10:48 


12457 




0506531001 


PN 


2008-04-21 18:53:55 


8668 






M1/M2 


18:48:22 


8967 




0506531201 


PN 


2008-04-23 11:26:20 


6964 


weak 




M1/M2 


11:20:47 


7157 




0506531301 


PN 


2008-04-25 08:19:28 


9164 






M1/M2 


08:13:55 


9357 




0506531401 


PN 


2008-04-29 00:46:22 


13664 






M1/M2 


00:40:49 


13857 




0506531501 


PN 


2008-08-12 14:56:26 


6464 






M1/M2 


14:50:53 


6657 




0506531601 


PN 


2008-09-17 11:16:18 


6564 


weak 




M1/M2 


11:10:45 


6557 




0506531701 


PN 


2009-05-30 08:06:47 


45664 






M1/M2 


08:01:14 


45857 





Table 2. X-ray Off-state Observations 



X-ray 


Obs 


References 


Mission 


date 




ROSAT 


1996 Apr 28 


Kahabka (1996) 


Chandra 


1999 Nov 30 


Greiner & Di Stefano (2002) 


Chandra 


2001 Oct 03 


Lanz et al. (2005) 


Swift 


2008 Jan 02 


Greiner et al. (2008) 


XMM-Newton 


2008 Jan 16 




XMM-Newton 


2008 Mar 10 




XMM-Newton 


2008 Apr 11 




XMM-Newton 


2008 Apr 16 





order to explain the observed X-ray off-states and optical variabil- 
ity in CAL 83. They conclude that the model of ISouthwell et al.l 
< | 19960 (expansion/contraction of WD's photosphere) accounts for 
the X-ray and and optical variations. 

The X-ray off-state of CAL 83 has been detected 8 times since 
its discovery (see tabled, and all of them occur during optical high 
states (Figure [T). The observed X-ray spectrum slightly deviates 



from a blackbody fit (especially at X-ray high state). However, we 
can still see broad changes in its blackbody temperature and lumi- 
nosity as a function of its optical brightness (Figure [6]. 

The mass accretion rates in SSS are comparable or slightly 
higher than the nuclear burning rate. A modest changes in ac- 
cretion rate will lead to an expansion of the white dwarf photo- 
sphere which enhances the irradiation of the accretion disc and the 
mass flow through the disc. Correspondingly, the effective tem- 
perature will drop, as the peak of the emission is shifted from 
supersoft X-rays towards longer wavelengths, principally into the 
extreme-ultraviolet. However, the source will be brighter in the op- 
tical due to the increasing contribution from the expanding (and 
still Eddington-limited) white dwarf emission, together with repro- 
cessed radiation from the accretion disc/disc wind. The results from 
our simple blackbody fits to the spectra show a higher effective tem- 
perature (kTmean ~ 35 eV) during optical low state, which then 
drops to kT me an ~ 30 eV during optical high (if it is detectable 
at all). This implies that the main source of the X-ray emission 
becomes cooler, and the peak flux will be shifted towards longer 
wavelengths. This beha viour has already been s een (and quantified) 
inRXJ0513.9-6951 bv lMcGowan et all J2005J) . 

Once the mass accretion rate drops, the white dwarf's pho- 
tosphere will contract again, thereby raising its effective tempera- 
ture and the source will re-enter the supersoft phase. On the other 
hand, the contraction of the white dwarf's envelope will reduce the 
amount of disc illumination. This causes the optical brightness to 
reduce during the X-ray on-state. The expanding/contracting pho- 
tosphere model agrees very well with our optical and X-ray obser- 
vations as well as the anti-correlation between X-ray and optical 
fluxes. The most likely cause of the white dwarf's radius varia- 
tions is the changes in mass accretion rate. The physical mecha- 
nism underlying this process is still unclear, although several mech- 
anisms hav e been suggested, suc h as the accretion wind evolu- 
tion model JHachisu & Katd 20031) where the strong wind from the 
white dwarf is colliding with and stripping off the outer layers of 
the slightly evolved secondary. This will attenuate the mass outflow 
and therefore decrease the mass transfer rate. Some authors have 
suggested that the reduction of the mass accretion rate is connected 
to the magnetic activity of the secondary star, where mass loss from 
the secondary i s attenuated when star spots pass over the i nner La- 
grangian point dSouthwell et al.lll996l : lAlcock et al.lll996J) . This is 
similar to the proposed mechanism f or the drops in accretion rate in 
VY Scl stars I ILivio & Pringlelll994l) . which has led to the sugges- 
tion that VY Scl star s are low-mass extensions of supersoft sources 
JGreineretaill2010h . 

In the OGLE-III light curve (Figure Q}, the times of opti- 
cal low and high states in CAL 83 are quite regular, apart for 
the last 300 days of the OGLE-III observation. Based on the ex- 
pansion/contraction model the duration of the optical low state 
should be the duration where we expect an X-ray detection of the 
so urce. Usin g the a nalytic model for recurrent supersoft sources 
by iKahabkal (1995J) with recurrence time T rec = 450 days and 
X-ray on time T x - on = 200 days (the duration of optical low 
state), one would expect a white dwarf mass in the range of 
Mwd ~ 1-32 — 1.38 Mq and mass accretion rate of M accr ~ 
1.2-3.3 x 10" 7 M yr _1 . 



4 SUMMARY 

We have studied the optical and X-ray variations of the prototypi- 
cal SSS, CAL 83. The long-term optical light curve shows a quasi- 
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periodic variation on a timescale of 450 days with two well de- 
fined optical states. The duration of the optical low and high states 
(200 days and 250 days respectively) are longer than those ob- 
served in RX J05 13.9-6951, which implies that the mass accretion 
in CAL 83 is slightly lower than in RX J0513.9-6951. Using the 
combined MACHO and OGLE light curves, we have refined the 
short-term periods of CAL 83 and RX J05 13.9-6951 to values of 
1.047529(1) d and 0.762956(5) d, respectively, which are consis- 
tent with previously reported values, and further strengthens their 
interpretation as being orbital in origin. 

The results from simple blackbody fits to the EPIC/PN spectra 
show a difference in blackbody temperature (from kT ~ 30 eV to 
~ 35 eV) and luminosity between the optical high and low states. 
The optical brightness and the X-ray luminosity in CAL 83 clearly 
show an anti-correlation. The non-detections of X-ray emission, in 
eight X-ray observations since its discovery, occur only during the 
optical high state. This is in good agreeme nt with the photospheri c 
expansion/contraction model suggested bv lSouthwell et al.l < tl996f) . 
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